T he cause of stroke remains unidentified by routine diagnostic testing in about 40% of patients. 1 One potential cause of embolic stroke is a patent foramen ovale, which enables right-to-left intracardiac shunting. The foramen ovale remains open in about one fourth of the general population. The prevalence decreases gradually with increasing age, from 34% during the first three decades to 20% during the ninth decade. 2 An association between the presence of patent foramen ovale and cryptogenic stroke has been reported; however, the study populations consisted primarily of younger patients. [3] [4] [5] [6] Only a few studies have included older patients. 7-9 A meta-analysis showed that the presence of patent foramen ovale in patients younger than 55 years of age is significantly associated with cryptogenic stroke, but the relationship has remained unconfirmed in patients 55 years of age or older. 10 Proof of a significant relationship would have implications for diagnostic and therapeutic management.
The objectives of our study were to clarify whether there is a significant association between the presence of patent foramen ovale and cryptogenic stroke in patients 55 years of age or older and to compare the findings with those for younger patients. Our study population included all consecutive patients 18 to 85 years of age who were admitted to our stroke unit or our neurologic intensive care unit. We examined all patients for the presence or absence of patent foramen ovale, using transesophageal echocardiography.
Me thods

Study Population
A total of 596 consecutive patients admitted to our stroke unit or neurologic intensive care unit fulfilled the inclusion criteria of an age of 18 to 85 years and the presence of suspected acute brain ischemia. These patients were enrolled in the study during the 16-month period between January 2001 and April 2002. Written informed consent was obtained from each patient or, if the patient was incapable of providing consent, from the patient's relatives. The study was approved by the local ethics committee.
Thirty-seven patients were excluded from analyses because transesophageal echocardiography could not be performed: 10 were too ill to undergo the procedure, 10 were transferred to another clinic or died before the procedure could be performed, 14 had an uncontrollable gag reflex or gastrointestinal tract obstruction that precluded our performing the procedure, and 3 had undergone the procedure in another clinic but the method of data acquisition was inconsistent with our protocol. An additional 24 patients declined transesophageal echocardiography. Another 32 patients were excluded from analyses because their diagnosis on discharge was other than brain ischemia. Our analyses focused on the remaining 503 patients.
The following routine diagnostic tests were performed in all patients: cranial computed tomography, magnetic resonance imaging (MRI) of the brain, or both; and duplex sonography of the extracranial and intracranial arteries with a 4-to 7-MHz linear-array scanner (model ATL HDI 5000/3500, Advanced Technology Laboratories). The degree of stenosis of the internal carotid artery was defined according to the European Carotid Surgery Trial protocol. 11 Angiographic imaging of the intracranial and vertebrobasilar arteries was performed in 231 patients (45.9%), by means of time-of-flight angiography in patients who underwent MRI or by means of digital subtraction angiography before intraarterial thrombolysis therapy in the remaining patients. Angiography was not performed in 272 patients (54.1%). All patients underwent transthoracic echocardiography and electrocardiography. In patients with suspected paroxysmal atrial fibrillation (those with palpitations or a history of atrial fibrillation) or ambiguous results of routine diagnostic tests, we also performed 24-hour Holter monitoring.
Before transesophageal echocardiography was performed, we classified the cause of infarction according to the modified Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria. 12 The classification was done in advance to make possible a comparison of our data and those from earlier studies of the role of patent foramen ovale in stroke. 10 The TOAST classification subdivides the cause of stroke into five subtypes, on the basis of clinical features and the results of diagnostic tests: large-artery atherosclerosis, cardioembolism, small-vessel occlusion, stroke of other known cause, and stroke of unknown cause. The patients with stroke whose cause was classified as one of the four known-cause subtypes were assigned to the known-cause group in our study. We deviated from the original TOAST criteria by assigning patients with two or more causes of stroke to the known-cause group. Patients with stroke of causes that were unknown despite extensive routine diagnostic testing before transesophageal echocardiography were assigned to our cryptogenic-stroke group.
Echocardiographic Examinations
An ultrasonography system (ATL HDI 3500) was used for transthoracic examinations (with a 2-MHz transducer) and transesophageal examinations (with a 5-MHz transducer). Routine transthoracic echocardiography of the heart was performed in each patient. Within a median of 2 days after stroke onset (mean ±SD, 3±2), all patients underwent transesophageal echocardiography. A contrast agent (oxypolygelatin [Gelifundol, Biotest] ) was injected while the patient was at rest and while a Valsalva maneuver was performed. Patent foramen ovale was diagnosed when microbubbles were detected in the left atrium within four cycles after right-atrial opacification. Atrial septal aneurysm was diagnosed when the excursion of an abnormally redundant and mobile atrial septum was over 10 mm. 13 The ascending aorta and the aortic arch, including the outlet of the left subclavian artery, were examined for aortic plaques. The thickest plaque was considered for classification. 14
Statistical Analysis
Data are presented as means ±SD for continuous variables and as absolute numbers and relative percentages for categorical variables. Group comparisons were performed by means of the Wilcoxon rank-sum test for continuous variables and Fisher's exact test for categorical variables. Univariate and multivariate logistic-regression analyses were used to estimate the unadjusted and adjusted odds ratios and the corresponding 95% confidence intervals. The characteristics that affected the univariate analysis were included in the multivariable models: age, plaque thickness, presence or absence of coronary artery disease, and presence or absence of hypertension. All statistical tests were two-sided, and P values of less than 0.05 were considered to indicate statistical significance. All analyses were performed with the SAS statistical package (version 8.2).
R e sult s
Baseline Characteristics
The overall age range of the patients was 20 to 84 years (mean, 62.2±13.1). Of the 503 patients, 131 (26.0%) were younger than 55 years of age (mean, 45.3±8.3), and 372 (74.0%) were 55 years of age or older (mean, 68.0±7.0). The cause of stroke could be identified by means of routine diagnostic testing in 276 patients (54.9%). The stroke was classified as cryptogenic in the remaining 227 patients (45.1%), including 82 of the 131 patients younger than 55 years of age (62.6%) and 145 of the 372 patients 55 years of age or older (39.0%). As compared with the patients with stroke of known cause, the patients with cryptogenic stroke were on average 6 years younger and more of them had patent foramen ovale with or without a concomitant atrial septal aneurysm (Table 1) . On the other hand, patients with cryptogenic stroke had a lower prevalence of coronary artery disease or hypertension and slightly thinner aortic plaques than patients with stroke of known cause. There were no significant differences between the two groups with regard to sex or the presence or absence of diabetes, hyperlipidemia, history of smoking, or peripheral artery disease.
Association between Patent Foramen Ovale and Cryptogenic Stroke
The prevalence of patent foramen ovale was significantly greater among patients with cryptogenic stroke than among patients with stroke of known cause. This held true both for patients younger than 55 years of age (43.9% vs. 14.3%, P<0.001) and for patients 55 years of age or older (28.3% vs. 11.9%, P<0.001) (Fig. 1A) . The prevalence of patent foramen ovale with concomitant atrial septal aneurysm was also greater among patients with cryptogenic stroke than among those with stroke of known cause, both in the younger group (13.4% vs. 2.0%, P = 0.03) and in the older group (15.2% vs. 4.4%, P<0.001) (Fig. 1B) .
In the unadjusted univariate analysis, the odds ratios for patients younger than 55 years of age with cryptogenic stroke, as compared with stroke of known cause, were 4.70 (95% confidence interval [CI], 1.89 to 11.68; P<0.001) for the presence of patent foramen ovale and 7.36 (95% CI, 1.01 to 326.60; P = 0.049) for the presence of patent foramen ovale with concomitant atrial septal aneurysm. Among patients 55 years of age or older, the odds ratios were smaller: 2.92 (95% CI, 1.70 to 5.01; P<0.001) for the presence of patent foramen ovale and 3.88 (95% CI, 1.78 to 8.46; P<0.001) for the presence of patent foramen ovale with concomitant atrial septal aneurysm. In the multivariate analysis, the presence of patent foramen ovale was independently associated with cryptogenic stroke (Fig. 2) , both in the overall study population and in the younger and older groups. In contrast to the unadjusted odds ratios from the univariate analysis, the adjusted odds ratios from the multivariate analysis showed only a slight difference in the prevalence of patent foramen ovale among patients with cryptogenic stroke, as compared with stroke of known cause, in the younger group (odds ratio, 3.70; P = 0.008) and the older group (odds ratio, 3.00; P<0.001). Among patients 55 years of age or older with cryptogenic stroke, atherosclerotic plaque thickness was significantly less in patients with patent foramen ovale (2.78±1.56 mm) and in those with patent foramen ovale with concomitant atrial septal aneurysm (2.64±1.36 mm) than in patients without patent foramen ovale (3.65±1.95 mm) (Fig. 3) . These three subgroups did not differ significantly with respect to mean age (67.8±8.0 years, 68.6±8.0 years, and 67.9±7.0 years, respectively; P = 0.81). Among patients 55 years of age or older, the multivariate analysis also showed a nearly significant relationship between the thickness of the aortic plaque and the risk of cryptogenic stroke (odds ratio for patients with cryptogenic stroke vs. stroke of known cause, 1.15 per 1-mm increase in plaque thickness; 95% CI, 1.00 to 1.31; P = 0.05).
Dis cus sion
We found an association between the presence of patent foramen ovale and cryptogenic stroke, not only in patients younger than 55 years of age but also in those 55 years of age or older. The relationship between the presence of patent foramen ovale and cryptogenic stroke was even more pro- nounced among patients who had concomitant atrial septal aneurysm. Moreover, multivariate analysis showed that the presence of a patent foramen ovale was independently associated with cryptogenic stroke in both age groups. Previous studies have been limited by selection bias, with older patients undergoing transesophageal echocardiography less often than younger patients. 10 In our study, transesophageal echocardiography was performed for all patients. The prevalence of cryptogenic stroke in our study was relatively high, at 45%. However, we classified the cause of stroke before transesophageal echocardiography was performed, as was done in a recently published study. 15 Two studies that reported prevalences of cryptogenic stroke lower than those in our study used available data from transesophageal echocardiography to classify the cause of stroke. 16, 17 We may have slightly overestimated the prevalence of cryptogenic stroke, because magnetic resonance angiography or digital subtraction angiography was performed in only about half the patients. As a result, some patients with intracranial large-artery atherosclerosis may have been erroneously assigned to the cryptogenic-stroke group.
It has long been debated whether the presence of patent foramen ovale actually does play a causal role in stroke or whether there is only a noncausal statistical relationship. However, there is considerable evidence 18 that a patent foramen ovale can cause ischemic stroke, by means of paradoxical embolism. A positive relationship has been shown between the size of the shunt and the risk of stroke, 19 patients with a residual shunt after occlusion of the patent foramen ovale have an increased rate of recurrence of stroke, 20 the rate of stroke is increased among patients with pulmonary embolism and a patent foramen ovale, 21 and the migration of a thrombus through the patent foramen ovale can be directly visualized repeatedly, 22 even in very elderly patients. 23, 24 The relationship is still controversial with respect to older patients, 25 because the available data are contradictory and are based on studies that used different diagnostic tests. 7-9 In a study involving transthoracic echocardiography, Di Tullio et al. reported an increased prevalence of patent foramen ovale in all age groups with cryptogenic stroke. 7 In one study using transesophageal echocardiography, and another using transcranial Doppler ultrasonography, for detection of right-to-left shunting after administration of contrast agent, there were no significant associations between the presence of patent foramen ovale and cryptogenic stroke. 8, 9 Data from these studies were insufficient to draw a conclusion for older patients with cryptogenic stroke. 10 In addition to the significant association found in our study, additional considerations provide support for the hypothesis that patent foramen ovale plays a role in stroke in older patients. With increasing age, there is an increasing potential for paradoxical embolism, 26 since the incidence of venous thromboembolism increases exponentially with increasing age. 27 The combination of more frequent formation of thromboembolic material and hemodynamic changes promoting rightto-left shunting could contribute to an increased probability of paradoxical embolism in older patients. 28 A recent retrospective analysis showed that the presence of patent foramen ovale increases the risk of adverse events in older patients with cryptogenic stroke who are receiving aspirin or warfarin, but not in younger patients. 28 In addition, the diameter of the patent foramen ovale increases with age, 2 and this could make older patients more susceptible to paradoxical embolism. The question of causality between the presence of patent foramen ovale and stroke is, however, more difficult to answer with regard to older patients than with regard to younger patients, since older patients frequently have additional potential sources of emboli, such as atherosclerosis of the aorta. 29 This lends particular importance to the observation in our study that older patients with cryptogenic stroke and patent foramen ovale had significantly less severe atherosclerosis of the aortic arch than did patients without patent foramen ovale. The probability that the ischemia in the subgroup with patent foramen ovale is due to embolism from the aortic arch is correspondingly smaller, since the risk of embolism correlates with plaque thickness. 29 Consistent with other reports, our study showed a lower prevalence of patent foramen ovale in older patients with cryptogenic stroke than in younger patients. 15 In addition to the fact that alternative causes should be taken into account in older patients, it should be considered that the prevalence of patent foramen ovale decreases linearly with increasing age. 2 On the other hand, the numbers of patients with patent foramen ovale and concomitant atrial septal aneurysm who were younger than 55 years of age and who were 55 years of age or older were similar in both the cryptogenic-stroke group (13.4% and 15.2%, respectively) and the known-cause group (2.0% and 4.4%, respectively). Di Tullio et al. reported a low prevalence of patent foramen ovale with concomitant atrial septal aneurysm (1.7%) in the general population. 30 In a study of patients 55 years of age or younger, Mas et al. found that the presence of patent foramen ovale with concomitant atrial septal aneurysm is associated with a high risk of paradoxical embolism. 13 Our data suggest that the presence of patent foramen ovale with concomitant atrial septal aneurysm is a high-risk characteristic in older patients as well.
In summary, our results show an association between the presence of patent foramen ovale and cryptogenic stroke in both patients younger than 55 years of age and those 55 years of age or older. However, the patients in all three trials are 60 years of age or younger on enrollment, and studies that include older patients are needed to develop diagnostic and therapeutic management strategies for this large group of patients.
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